A form of the linear, inviscid shallow water wave equation which includes alongshore uniform, but cross-shore variable, longshore currents and bathymetry is presented. This formulation provides a continuum between gravity waves (either leaky or edge waves) on a longshore current, and the recently discovered shear waves. In this paper we will concentrate on gravity wave solutions for which V(x)/c < 1, where V(x) is the longshore current, and c is the edge wave celerity. The effects of the current can be uniquely accounted for in terms of a modification to the true beach profile, h' (x) = h(x)
INTRODUCTION
Numerous authors have proposed that edge waves play an important role in a number of nearshore processes, including mean circulation patterns [Bowen and Inman, 1969] , the generation of nearshore morphology [Holman and Bowen, 1982] , and momentum and energy transfer [Elgar and Guza, 1985] . Studies have shown that the shoreline expression of wave energy, the swash, can be dominated by infragravity motions with up to 70% of the variance of the incident gravity waves offshore [Guza and Thornton, 1982; Holman and Sallenger, 1985] . They are also an energetic part of the numerical models to predict the dispersion relation and cross-shore shape of edge waves on irregular and barred topography, respectively. Holman and Bowen [1979] showed that assuming a profile shape for which an analytic result exists may lead to errors of up to 100% in K for predictions of the dispersion relation. Numerical solutions in both studies show two related kinematic effects, the relative change of edge wave amplitudes away from the shoreline (compared with the plane beach case) and the associated movement of the nodal structure. Kirby et al. [1981] found that over a limited frequency range, distortion of edge wave shapes occurred such that elevation antinodes were attracted to the cross-shore location of a bar crest. The complexity of these numerical approaches is great, however, and many later researchers have simply assumed one of the analytic forms of the beach profile to be adequate [Holman and Bowen, 1984 Kenyon [1972] considered the influence of longshore currents on edge waves, analytically modeling the case of a plane beach with a longshore current constantly increasing in the offshore direction (V(x) = O•x). He found systematic variations in edge wave dispersion, although his theory was only valid for a current, V(x), that remained very small compared with the celerity of the edge wave. While this approximation may hold for shelf-scale phenomena, it is routinely violated in the nearshore, both in terms of the constant shear and the magnitude of V(x) relative to the edge wave celerity.
To test hypotheses regarding the generation of edge waves (for instance, Gallagher [1971] ) and to correctly interpret measurements made in the field, the dispersion relationship and the cross-shore structure of the edge waves must be well understood. Because many measurements are made in the surf zone, and the data transformed to predict the shoreline amplitudes of the edge waves, it is important that the cross-shore shape of the edge waves be accurately predicted. It is necessary to determine not only the edge wave mode through the dispersion relationship, but also to relate the variance at any cross-shore location to the reference value at the shoreline. It will be shown that incorporation of both bathymetric and current effects are required for this task.
In the next section we will explore the role of the crossshore structure of the mean longshore current, V(x), in modifying edge waves in the nearshore. A conceptual framework for understanding the longshore current effects is followed by the derivation of the governing equations for low-frequency waves in the presence of irregular topography h(x) and longshore current V(x). While the equation is valid for all low-frequency motions where the Coriolis effect is not important (edge waves, leaky waves, and the recently discovered shear waves), we will concentrate for the remainder of this paper on edge waves. Results from a series of synthetic tests designed to examine the role currents play in modifying edge wave properties will be presented. Implications of these effects are then discussed. The improvements in describing edge wave dispersion and the changes in the cross-shore variance structure resulting from the inclusion of longshore currents are shown using data collected during a large field experiment. Finally, we will present a new hypothesis for the generation of sand bars based on changes in sediment transport resulting from edge wave modification by a strong longshore current.
THEORY
The nearshore, where shallow water wave celerities are a function of the water depth, X/oh, has the possibility of trapping wave motions through refraction offshore and reflection at the shoreline (where the depth goes to zero). This behavior can be viewed as a waveguide, in direct analogy to other geophysical waveguides. The discrete set of resonant motions trapped in the nearshore waveguide are called edge waves, while leaky waves are those free waves which, upon reflection from the shoreline, escape the nearshore waveguide to deep water. A critical value of the alongshore radial wavenumber, K = 2rr/Ly, of the motion separates the two regimes. The sign of • determines the direction of wave progression. (Throughout this paper the radial measures for wavenumber and frequency will be represented by • and rr = 2rr/T, and the cyclic measures by k = 1/Ly and f = l/T, where Ly is the alongshore wavelength and T is the wave period).
Two major modifications to the properties of the nearshore waveguide are sand bars and longshore currents (Figure 1) . A comparison of their refractive effects is instructive. Sand bars modify the waveguide by changing the water depth. The sand bar crest, a depth minimum, is the location of a local celerity minimum and provides a focusing of wave rays at that location. A bar trough, meanwhile, is a local celerity maximum and leads to divergence of wave rays. While topography may be generally expected to change the cross-shore structure and wavenumber of an edge wave, the changes should be symmetric for waves progressing either direction along the coast.
A longshore current modifies the waveguide in a similar manner. Edge waves travelling into the current experience refractive focusing of the wave rays at the cross-shore location of the maximum longshore current, the location where opposition to their progression is the greatest. This response is similar to what we expect for the case of the sand bar discussed above. In contrast, the wave rays of edge waves traveling with the current diverge at the longshore current maximum, mimicking behavior that would be expected over a local depth maximum (trough topography). Edge waves of equivalent mode and frequency traveling in opposite directions on a beach with a longshore current will be modified differently.
General changes in the dispersion relationship due to longshore currents can be predicted. We expect that edge waves traveling into (with) a current will propagate slower (faster) and have larger (smaller) • values than those on the same beach in the absence of a longshore current. The current acts to either decrease (for edge waves traveling into the current) or increase (edge waves traveling with the current) the observed alongshore phase speed. To summarize, we expect there to be a relationship between longshore currents and apparent modifications to the beach profile seen by the edge waves. These changes are no longer the same for both directions of edge wave progression, introducing asymmetry to the problem. This conceptual treatment of the nearshore as a waveguide can be formalized in a theoretical description of edge wave behavior by inclusion of variable topography and longshore Fig. 1 . Modification to the nearshore waveguide modification by the presence of a longshore current is analogous to that of bar and trough topography. The edge wave response to a sand bar is independent of the direction of edge wave propagation; wave rays refract and focus on the crest and diverge in the deeper trough. In the case of the longshore current on a plane beach, the effects are opposite for the different directions of edge wave propagation. Edge wave rays progressing into the current are refracted to focus on the current maximum (as if it were a bar), while those progressing with the current diverge as if they were in the trough of a bar. currents in the inviscid shallow water equations for conservation of momentum and mass with the total velocity vector U(x, y, t) = (u(x, y, t), v(x, y, t) + V(x)). We will assume that the edge wave velocity components u and v are small, u, v << V. The depth h and the longshore current V are assumed to be slowly varying in x alone (mild slope assumption). Retaining only those terms that are linear in u, v, and r/gives The results of the numerical scheme were tested against the two known analytical solutions for plane and exponential beaches, and against the approximation of Kenyon [1972] for very small currents. The dispersion relationship and other edge wave characteristics, such as nodal locations, were reproduced to arbitrary accuracy for the analytic cases, and Kenyon's approximation was found to be valid subject to his stated constraints. The following results satisfy the dispersion relationship to _+0.1% in K.
RESULTS
A total of 16 test cases were run in order to explore the sensitivity of edge waves to current magnitude and shape. Current profiles were constructed from two regions of constant shear, with the shear discontinuities smoothed using a 10-m-wide moving average. Three parameters were used to describe the current: the maximum current Vmax, the crossshore location of the maximum current, x(Vmax), and the width of the current, Xw. allowing qualitative generalizations to be made regarding relative changes between the beach slopes (true and effective) and edge wave characteristics as we introduce different longshore current profiles (changing the effective beach profile).
Effects on Dispersion
Two general predictions can be made about the longshore current effects on edge wave dispersion. First, we expect the response to be asymmetric with regard to the direction of edge wave progression, and second, the maximum effect should occur at an intermediate value of frequency, decreasing for both high and low frequencies. The frequency dependence is related to the cross-shore scales of the edge wave and the current. For high frequencies (high wavenumbers), the edge wave is held tightly to shore and is not expected to be advected by the maximum current. For low frequencies, the edge wave extends well beyond the range of the current and experiences only a small perturbation. The effective beach profile (equation (11) Close examination of the data presented in Figure 12 shows an important detail that is indicative of directional asymmetry. The mode 0 edge waves dominate the negative wavenumber edge waves up to a frequency of---0.027 Hz where we begin to see evidence for mode 1 or 2 edge waves, while for the positive wavenumber edge waves, the transition from mode 0 to mode 1 occurs at a lower frequency, 0.023 Hz. These differences may have two causes, preferential forcing of certain modes, or the effects of the longshore current.
The modeled variance structure for mode 0-2 edge waves (all with shoreline amplitudes of 1 cm) as a function of frequency at the cross-shore location of the current meter array addresses these observations (Figure 15 ). In the absence of a longshore current, the frequency where the mode 0 variance drops below that of modes 1 and 2 would be the same for the two directions of edge wave propagation. The presence of the longshore current has caused shifts in the cross-shore shapes of the edge waves such that the mode 0-1 transition occurs at 0.0275 Hz for negative wavenumbers and at 0.0240 Hz for the positive wavenumbers. These frequencies closely correspond to the mode transitions seen in the data (Figure 12) .
As an example of the effect of the longshore current on observed variance levels in the data, we will examine two 
Modification of Topography
Perhaps the most obvious impact of the inclusion of the longshore current effects on models for the generation of topography due to edge waves is the modification of the dispersion relationship. Edge waves of the same mode and frequency progressing in opposite directions no longer have equal magnitude wavenumbers. Thus a crescentic sand bar system, predicted by Bowen and Inman [1971] for phaselocked edge waves of equal frequency and mode but opposite directions of progression could be stretched into the oblique welded bar predicted by Holman and Bowen [1982] for the case of two phase-locked edge waves of equal frequencies but different of opposite sign.
A more interesting role in the evolution of topography is suggested by the shapes of the effective profiles. Recalling Figure 3 , the effective profiles are very reminiscent of either bar and trough topography for the edge waves progressing with the current, or terrace topography for those opposing the current. The possibility of feedback from the effective topography (i.e., due to the longshore current structure) in the determination of the true topography will be briefly explored using one of the synthetic cases presented earlier; a test with field data is beyond the scope of this paper.
Following While the details of the present "model" are admittedly simplistic, the results appear to be robust. Edge wave kinematics are clearly altered in a manner that scales with the longshore current geometry over a wide range of frequencies and wavenumbers. The longshore current effects on edge wave drift velocities may well provide a positive feedback mechanism, through the effective beach profile, for the evolution of the true profile. These results should be interpreted not as quantitative, rather as a qualitative prediction of the tendency for net sediment transport by edge waves perturbed by a longshore current. Obviously, the total transport of sediment in the surf zone is much more complicated than is allowed by the simple formulation presented here. Nevertheless, the prediction of a linear bar in the presence of a broad-banded edge wave field is an intriguing improvement upon previous models of linear bar formation by infragravity waves which have relied upon the assumption of a narrow-banded infragravity wave field. edge wave. Because the longshore current profile is assumed fixed in time and space, it provides a consistent perturbation regardless of edge wave frequency or mode. This is attractive because it provides an independent cross-shore scale for edge wave generation of sand bars, requiring only that one direction of progression be dominant.
